Pressure suppression of spin-density-wave gap in the optical conductivity of SrFe 2 As 2 
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Optical reflectance R{oj) of a pressure-induced superconductor SrFe2As2 has been measured under 
external pressure to 6 GPa and at temperatures to 8 K. Optical conductivity cr(w) has been derived 
from the measured R(uj). At ambient pressure, in the antiferromagnetic state below Tn=198 K, 
a pronounced feature develops in cr(u) due to the opening of a spin density wave (SDW) gap, 
as already reported in the literature. With increasing pressure, the SDW gap feature in a"(ui) is 
progressively suppressed. At 4 GPa, where the sample is superconducting, the SDW gap feature in 
cr(oi) is strongly reduced than that at ambient pressure, but is still clearly observed. At 6 GPa, the 
SDW gap is completely suppressed. The pressure evolutions of the SDW gap magnitude and the 
spectral weight closely follow the pressure evolution of Tn. 
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Regarding the superconductivity (SC) exhibited by 
Fe-based compounds** the pressure-induced SC exhib- 
ited by the stoichiometric "122" compounds AFe2As2 
(A=Ba, Ca, Sr, Eu) have attracted much interest^— 
They exhibit SC with external pressure only, although 
many other families of Fe based superconductors re- 
quire some form of chemical doping or deviation from 
stoichiometry to exhibit SCj» In particular, SrFe2As2 
(Srl22) and BaFe2As2 (Bal22) show pressure-induced 
SC at relatively high temperatures of T c =34 ~K&1~— and 
28 K^iSiii, respectively. Interestingly, the 122 com- 
pounds also show SC with chemical doping, as shown by 
(Sr, K)Fe 2 As 2 , 14 Sr(Fe,Co) 2 As 2 , 15 and SrFe 2 (As, P) 2 - 1 ' 6 

At ambient pressure, the stoichiometric 122 com- 
pounds are antiferromagnetic (AFM), poor metals. For 
Srl22 and Bal22, the AFM transition temperature (T N ) 
is 198 K and 136 K, respectively. At Tn, the resistiv- 
ity [/c(T)] shows a kink and rapid decrease with cooling 
below Tn- With increasing pressure, Tn is gradually low- 
ered, and the kink in p(T) becomes broadened. Above a 
critical pressure, the SC appears. Similar suppression of 
AFM and emergence of SC have also been observed with 
chemical dopingJ^r— In this regard, both methods have 
provided a lot of insight, but one advantage of the pres- 
sure technique compared with chemical doping is that 
the former does not cause disorder in the crystal lattice. 

However, there is an additional complication regard- 
ing the pressure-induced SC in the 122 compounds. 
Namely, it has been shown that the pressure evolu- 
tions of the AFM and SC states strongly depend on the 
hydrostaticity^ i 11 ' 12 Here, hydrostaticity refers to how 
isotropic the pressure acting on the sample is. The hy- 
drostaticity in a high pressure experiment depends on the 
types of pressure cell and pressure transmitting medium 
used. Figure 1 summarizes the results of high pressure 
studies on Srl224£iZr— As discussed in detail later, these 
results show that the AFM state is suppressed and SC 
appears at lower pressure when the applied pressure is 
less hydrostatic (more uniaxial). This may indicate that 



a uniaxial stress promotes SC in the 122 compounds. 

To probe the microscopic electronic structures of the 
122 compounds, various spectroscopic techniques have 
been usedi In particular, the optical conductivity [c(w)] 
technique has provided much information^^— As for the 
stoichiometric 122 compounds, a clear depletion of cr(uj) 
below ~ 1200 cm" 1 was observed below T N ^2"i2- This was 
attributed to a gapping of the Fermi surface at certain 
portions of the Brillouin Zone, which was caused by spin- 
density-wave (SDW) formation. At low temperatures, a 
narrow Drude peak due to free carriers was observed even 
after the SDW gap was formed in a{uS). With chemical 
doping into the 122 compounds, the SDW gap in <j(uj) 
was progressively suppressed, and in the SC phase, a SC 
gap was clearly observed in a(uj)^— 

In this work, <j(ui) of Srl22 has been measured under 
external pressure (P) to 6 GPa and at temperature (T) 
to 8 K in order to study the pressure evolution of micro- 
scopic electronic structures. The advantage of <r(w) tech- 
nique is fully taken here since a pressure study is tech- 
nically difficult for other spectroscopic techniques such 
as photoemission and tunneling. With increasing pres- 
sure, the SDW gap in ct(cj), observed at ambient pres- 
sure as mentioned above, was progressively suppressed. 
At 4 GPa, where SC is expected to appear, the SDW gap 
was much less pronounced than that at ambient pressure, 
but was still clearly observed. At 6 GPa, where the SC 
was expected to be most stable, the SDW gap was no 
longer observed. 

Single crystals of Srl22 were grown by a self-flux 
method. Their quality was similar to that of the samples 
used in Refs. 5 and 8, which showed SC with T c =34 K at 
high pressures. A cleaved surface was obtained shortly 
before each measurement, which contained the plane per- 
pendicular to the c axis, and used without mechanical 
polishing. No polarization resolved measurement was 
made in this work. The reflectance of a sample without 
external pressure [Rq{u>)} was measured in vacuum with a 
near-normal incidence over a wide frequency (photon en- 
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FIG. 1: (Color online) Summary of reported high pressure 
studies on SrFe2As2. (a) List of the pressure cells and pressure 
transmitting media used in previous studies. The following 
abbreviations have been used. DAC: diamond anvil cell, BAC: 
Bridgman anvil cell, CAC: cubic anvil cell, 7373 and 7474: 
Daphne Oil 7373 and 7474, respectively, (b) Temperature- 
pressure phase diagram of Srl22 suggested by the previous 
works listed in (a). The following abbreviations have been 
used: PM: paramagnetic, AFM: antiferromagnetic, SC: su- 
perconductivity. In Ref. 4, the SC transition temperature 
was determined by magnetization, while in the other works 
it was determined by resistivity. The three vertical bars indi- 
cate the temperature interval where large decrease of optical 
conductivity [cr(o;)] was observed in this work. The shoulder 
frequency (uj s ) in er(w) discussed in the text is also plotted. 



ergy) range between 80 and 240000 cm 1 (10 meV and 
30 eV)M Below 20000 cm" 1 , a gold film deposited in 
situ onto the sample itself was used as the reference of 
reflectance.— a(ui) was derived from the measured Ro{uj) 
using the Kramres-Kronig (KK) analysis . 29 i 30 The re- 
flectance of a sample at high pressure [i?<j(w)] was mea- 
sured using a diamond anvil cell (DAC). A cleaved sur- 
face of the sample was closely attached on the culet 
face of a diamond anvil. The diameter of the culet face 
was 800 /im, and the sample dimensions were typically 
200 x 200 x 30 /im 3 . The diamond was of type Ha 
with very low density of impurities. The sample was 
sealed in the DAC with glycerin or Daphne Oil 7474 as 
pressure transmitting medium. The pressure was mon- 
itored by the ruby fluorescence method. R(u)) of the 
sample was measured relative to a gold film, mounted 
near the sample in the DAC. To measure i?(w) under 
such a restricted condition, synchrotron radiation was 



used as high-brilliance infrared source^ at the beam line 
BL43IR of SPring-8^i More technical details of the high- 
pressure reflectance measurement have been described 
elsewhere^ Note that Rd(to) was measured at a sam- 
ple/diamond interface, while Ro(uj) was measured at a 
sample/vacuum interface. Due to the large refractive 
index of diamond (2.4), therefore, iid(cj) may signifi- 
cantly differ from Rq(uj)^- as actually observed for a few 
compoudns i^£r— Hence a careful analysis is required for 
the data measured with DAC, as discussed later. 

Figure 2 summarizes the reflectance data of Srl22 mea- 
sured at P=0, 2.5, 4, and 6 GPa. These spectra were 
derived from measured data using the procedures pre- 
viously discussed.— Note that the i?d(w) spectra, ex- 




FIG. 2: (Color online) Reflectance of SrFe2As2 relative to di- 
amond [i? d (u;)] at external pressures (P) of (a) 0, (b) 2.5 GPa, 
(c) 4 GPa, and (d) 6 GPa and at different temperatures (T). 
In (a), Rd(io) spectra are those derived from the reflectance 
measured in vacuum [R {w)]H R (uj) at 295 and 8 K are also 
shown for comparison, which show that Rd(u) in the infrared 
is significantly lower than Ro(uu) due to the large refractive in- 
dex of diamond. In (b)-(d), the spectra in the 1870-2350 cm" 
range are not shown since this range could not be measured 
due to strong absorption by the diamond anvil. This range 
was interpolated by a straight line for the KK analysis to 
obtain o(oj). 
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pected from the measured i?o(w)r^ are indicated even 
for the P=0 case [Fig. 2(a)], to enable direct comparison 
with the high pressure cases [Fig. 2(b)-2(d)]. At P=0, 
in Fig. 2(a), a strong reduction of reflectance below ap- 
proximately 1200 cm -1 is observed at T < 200 K, where 
the transition to AFM state and the formation of SDW 
state occur. This reduction of reflectance below Tn is due 
to a formation of SDW gap, and has been analyzed and 
discussed by published works, including similar results 
on Bal22^I"i^ With increasing P, in Figs. 2(b)-2(d), the 
reduction of reflectance becomes smaller, and it is absent 
at P=6 GPa. These pressure evolutions indicate a sup- 
pression of the SDW gap, as discussed in detail below 
based on the <j(uj) data. Note that we did not observe 
significant difference between data obtained with glycerin 
and Daphne oil 7474 as pressure medium. 

Figure 3 shows the ct(w) spectra obtained from the re- 
flectance data in Fig. 2. Here, the a(uS) spectra at P=0 
in Fig. 3(a) were obtained from Rq(lo) using the conven- 
tional KK analysis ) 29 ' 30 while those at high pressure in 
Figs. 3(b)-3(d) were obtained from Rd(uj) using a modi- 
fied KK analysis, which took into account the refractive 
index of diamond as previously discussed in detail4°- At 
P=0 and T=200 K, in Fig. 3(a), <j{ui) is almost flat above 
500 cm -1 , and rises rapidly with decreasing frequency. 
The rising component is due to the Drude response of free 
carriers! 29 ' 30 With cooling below Tn=198 K, u{lo) below 
~ 1200 cm -1 is depleted, and with further cooling, <j(lu) 
develops an gap-like structure. However, even at 8 K, 
the spectral depletion is incomplete, and <j(uj) seems to 
contain a flat continuum or background. In addition, the 
Drude response becomes narrower with cooling, and a 
shoulder appears near 1300 cm -1 as indicated by the 
vertical arrow in Fig. 3(a). This shoulder marks the 
characteristic frequency in a{ui) below which the spec- 
tral depletion occurs. The formation of incomplete gap 
in ct(cj) below Tn has been observed and discussed for 
both Srl22 and Bal22 by many authors £tM2±2£. Note 
that, as previously discussed, the Drude response remains 
even at 8 K. From these results, it has been concluded 
that a gapping of Fermi surface occurs at certain portions 
of the Brillouin Zone due to the SDW formation, and 
that the electronic subsystem responsible for the narrow 
Drude response is distinct from that for the SDW gap 
opening,!^ At P=2.5 GPa, in Fig. 3(b), the spectral 
depletion of a(w) with cooling is still seen, but a large de- 
crease is observed below 170 K, rather than below 200 K 
as in the P=0 data. This result well corresponds to the 
decrease of Tn from 198 K at P=0 to about 160 K at 
P=2.5 GPa.-'- The spectral range of depletion marked by 
the position of the shoulder, which is about 1200 cm -1 , is 
also smaller than that at P=0, These trends continue in 
the 4 GPa data. Namely, the spectral depletion becomes 
smaller, and occurs over narrower range with a shoul- 
der near 900 cm -1 . Along these pressure evolutions, the 
narrow Drude response mentioned above is surviving at 
4 GPa. At 6 GPa, in Fig. 3(d), in contrast, (j(uj) does 
not show spectral depletion any more, and shows small 



increase with cooling. <j(oj) spectra at different pressures 
at T=200 K and 8 K are indicated in Fig. 4. The shift of 
shoulder and the suppression of the SDW gap with pres- 
sure are more clearly seen. The shoulder frequency (lu s ) 
is plotted as a function of pressure in the phase diagram 
of Fig. 1(a). It is seen that the pressure evolution of lu s 
closely follows that of Tn, i.e., the pressure evolution of 
SDW gap magnitude also closely follows that of Tsr- 

According to the previous works on Srl22 (Fig. 1), SC 
appears at approximately 4 GPa when the pressure is 
applied by cubic anvil and indenter cells with glycerin 
and Daphne Oil (DO) 7474 as pressure transmitting me- 
dia, respectively^^ SC appears at lower pressure, at ~ 
3 GPa, when DAC and Bridgman anvil cells are used with 
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FIG. 3: (Color online) Optical conductivity [cr(w)] spectra of 
SrFe2As2 at external pressures (P) of (a) 0, (b) 2.5 GPa, (c) 
4 GPa, and (d) 6 GPa and at different temperatures (T). uj s 
and the vertical arrows indicate the shoulder frequency. The 
broken curves show the results of Drude-Lorentz fitting for 
the 8 K data as discussed in the text. 
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Fluorinert and DO 7373, respectively^ Cubic anvil and 
indenter cells generally produce more hydrostatic pres- 
sure than Bridgeman and diamond anvil cells if the same 
pressure medium is used. In addition, glycerin and DO 
7474, which are also used in the present study, produce 
more hydrostatic pressure than DO 7373 and Fluorinert 
if the same pressure cell is used. (Hydrostaticity of these 
pressure transmitting media in DAC have been studied 
in detail4i~— ) Based on these considerations and the re- 
sults in Fig. 1, it is reasonable to assume that the sample 
be in the SC state at 4 and 6 GPa in this study, al- 
though no resistivity measurement has been made. For 
chemically doped 122 systems, the formation of a SC gap 
has been manifested by a strong depletion of <j(lu) below 
~ 200 cm -1 , and by an increase of reflectance toward 
unityj 21 i 24 ' 25 i 27 In the present data of a(w) and R{u) at 
4 and 6 GPa, however, no such features are observed, 
although the sample should be in SC state as discussed 
above. The reason why a SC gap is not observed in our 
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FIG. 4: (Color online) Optical conductivity [cr(tj)] spectra 
of SrFe 2 As 2 at (a) 200 K and (b) 8 K at different external 
pressures (P). (c) Normalized spectral weight of a{uj) showing 
the depletion due to SDW gap formation as a function of 
temperature (T). Here, the average of (t(oj) at frequencies 
between 0.4uj a and 0.6u) 3 normalized by a(u}„) at 200 K, where 
(jj s is the shoulder frequency in Fig. 3, is plotted versus T. 
The vertical arrows indicate large drops of o(uj) due to the 
gap formation. 



high pressure <j(oj) is unclear. A possible reason is the 
limited spectral range of the present study: the data in 
this work could be measured only above 150 cm -1 due to 
the technical limitations associated with DAC. In previ- 
ous works with chemically doped samples, measurements 
were made to much lower frequencies, generally down to 
50 cm- 1 or lower 

In the previous optical studies of 122 compounds, 
Drude-Lorentz spectral fittin g 29 ' 30 was used to analyze 
the <j{oj) spectra^ -19 ' 24 ' 25 Results of similar fitting to 
our high pressure data at 8 K are indicated by the bro- 
ken curves in Fig. 3. Note that, in addition to a narrow 
Drude term for the narrow Drude response in c(w), a 
broad Drude term is used in the fitting function for the 
broad continuum in <j(lu), as previously done. A Lorentz 
term is used to fit the gap feature including the shoul- 
der, and another Lorentz term for a high frequency back- 
ground. [For P=0 data, a small Lorentz term is also used 
to fit the small peak near 400 cm" 1 .] With increasing 
pressure, the spectral weight (SW) of the Drude terms 
increase, and that of the Lorentz term for the gap fea- 
ture decreases. This shows an increase of carrier den- 
sity in correspondence to the suppression of SDW gap 
with pressure. These evolutions with pressure are qual- 
itatively similar to those with increasing T at P=0, in 
Fig. 3(a), and similar to those with increasing chemical 
doping i 24 i 25 In the previous works, the carrier scattering 
rate (7) and SW of the narrow Drude term were obtained 
from the fitting . 17 ' 18 ' 24 ' 25 7 was strongly suppressed when 
the SDW gap was formed, and the effective carrier den- 
sity was also evaluated from SW. We have attempted 
similar analysis, but have found large uncertainty in the 
fitting parameters obtained. This is primarily due to the 
limited spectral range of our high pressure experiment: 
The low frequency end of our study, limited by the use 
of DAC, was 150 cm~ 1 , which was too high for a reliable 
fitting of the narrow Drude response. [Only the tail of 
the narrow Drude response is seen in ct(cj), especially at 
low T] Hence, it was difficult to accurately evaluate the 
pressure evolution of 7 and SW of the carriers. 

To analyze the evolution of SDW gap with P and T, 
we have plotted in Fig. 4(c) the SW of <j(uj) below the 
shoulder. Here, the average of measured cr(oj) at fre- 
quencies between QAui s and 0.6w s normalized by <j(lu s ) 
at 200 K, where uj s is the shoulder frequency, is plot- 
ted as a function of T. (The results of fitting were not 
used here due to the uncertainty discussed above.) The 
choice of the 0.4oj — 0.6uj s range is rather arbitrary, and 
is intended to probe a region in the gap but without a 
significant overlap with the narrow Drude component. It 
is seen that the spectral weight in the gap steeply drops 
with cooling below 170 K at 2.5 GPa, and below 100 K 
at 4 GPa, respectively. These T ranges where the steep 
decrease of <r{ui) is seen are indicated by the vertical bars 
in Fig. 1(b). It is clear that they well follow the evolution 
of Tn with pressure. 

In summary, <t(lu) of pressure-induced superconductor 
Srl22 was obtained under external pressure to 6 GPa us- 
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ing diamond anvil cell. The SDW gap formed in <j{lu) 
at ambient pressure was progressively suppressed with 
increasing pressure. The SDW gap was still present at 
4 GPa where the sample was expected to be in SC state. 
At 6 GPa, where the SC was expected to be optimum, 
the SDW gap was completely suppressed. The pressure 
evolution of the SDW gap magnitude, implied by a shoul- 
der in it(u;), and that of the spectral weight within the 
SDW gap, closely followed the evolution of T/y. In ad- 
dition, the spectral evolution of the SDW gap with in- 
creasing pressure was qualitatively similar to those with 
increasing temperature at P—0, and also to those with 
increasing chemical pressure at P=0. A SC gap was not 
observed in our a{ui) data even at 4 and 6 GPa where 



the sample should be in the SC state, probably due to 
a limited spectral range of our high pressure study using 
DAC. 
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